The authors have succeeded in optically observing the spin transfer switching ͑STS͒ in a current-perpendicular-to-plane spin-valve device. The device consists of three spin-valve elements, each of which comprises of a transparent top electrode, free and pinned magnetic layers separated by a copper spacer, and a bottom copper electrode. Despite a relatively large device resistance, spin transfer switching of the free layer was carried out using the spin injection from the transparent top electrode. Magneto-optical Kerr effect measurements performed through the transparent top electrode show clear changes in the signal synchronized with the resistance change as a result of the STS.
The spin transfer switching ͑STS͒ technique has remarkably progressed 1-4 since its theoretical prediction 5, 6 and the experimental confirmation.
1 Recently, the detailed magnetization switching process in the current-perpendicular-toplane ͑CPP͒ spin-valve device has been directly observed by using a time resolved x-ray microscopy 7 while the switching of the nanomagnetic element has been examined by taking simultaneous measurements of the resistance change of the device. Unlike the above x-ray microscopy, the magnetooptical Kerr effect ͑MOKE͒ microscopy is an easily accessible method to observe the switching process. However, a thick metallic top electrode usually prevents the light probing the magnetic free layer. We have fabricated submicron CPP spin-valve devices that have transparent top electrodes, which enable us to optically monitor the STS of the free layer. The obtained results clearly show that the change in magnetoresistance ͑MR͒ caused by the STS, coincide well with that of the MOKE signal.
A schematic drawing of the fabricated spin-valve device is shown in Fig. 1 . The spin valve contains a bottom electrode of ͓Ta͑3͒ /Cu͑50͒ /Ta͑3͒ /Cu͑50͒ /Ru͑5͔͒, a synthetic pinned layer of ͓Ru͑5͒ /Cu͑20͒ /Ir 22 Mn 78 ͑10͒ / Co 66 Fe 34 ͑5͒ /Ru͑0.9͒ /Co 66 Fe 34 ͑1͒ /Co 2 FeSi͑10͔͒, Cu spacer of ͓Cu͑6͔͒ and a free layer with capping of ͓Co 2 FeSi͑6͒ /Cu͑3͒ /Ru͑3͔͒ ͑in nanometers͒, which were deposited on a thermally oxidized Si substrate using a dc magnetron sputtering system. After annealing at 300°C in a vacuum less than 1 ϫ 10 −4 Pa, three rectangular elements of 120ϫ 300 nm 2 were fabricated on a same bottom electrode using electron beam lithography, followed by Ar ion beam milling, SiO 2 insulator deposition, and a lift-off process. The indium zinc oxide ͑IZO͒ top electrode of 500 nm was then deposited using an ion beam sputtering system. The MR loop was measured at room temperature using a four-point probe system. The STS characteristics were then evaluated by applying a pulsed current with a duration of 5 ms variable in the range from −30 to + 30 mA with an increment of 2 mA without applied magnetic field. To measure the change in MOKE signal associated with it, a longitudinal MOKE measurement system 8 with a laser spot diameter of about 1.6 m and a wave length of 405 nm was synchronized with the STS ͑Fig. 1͒.
An optical microscope image of the fabricated device and an atomic force microscope image of the constituent spin-valve elements are shown in Figs. 2͑a͒ and 2͑b͒. The rectangles indicated by the dashed line show the elements, each of which is 120ϫ 300 nm 2 . The device is 720 ϫ 300 nm 2 including the space between horizontal lines. Therefore, the laser spot can be well aligned with the device for efficient MOKE signal detection even though the element is much smaller than the laser spot of 1.6 m.
Transparency and low electrical resistance of the top electrode are crucial to both MOKE and STS measurements. The optical properties of candidate materials, IZO ͑500 nm thick͒ and thin Cu ͑10 nm thick͒ films, were thus examined in the 350-800 nm wavelength range. The transparency of IZO was about 65%-80%, larger than that of the 10-nm-thick Cu for most of the visible spectra. The resistances of the devices with the IZO, and with 10-and 500-nm-thick Cu top electrodes are shown in Fig. 3 . It is important to note that the device with the 500-nm-thick IZO electrode shows smaller resistance than that with the 10-nm-thick Cu top electrode even though the resistivity of Cu is much lower than that of IZO. Another significant point is that the in-plane resistance of the top electrode tends to contribute to the total device resistance because of the very small resistance of all metal CPP elements. This is why the device with the 10-nm-thick Cu top electrode exhibits larger device resistance than those with IZO and Cu top electrodes 500 nm thick. These results confirm that both the optical and electrical properties of the IZO top electrode are better than those of Cu electrode. The resistance of the transparent electrode makes the net device resistance about seven times larger than that of the conventional device with a 500-nm-thick Cu top electrode. One should note here that the MR property evaluated as the change in resistance ⌬R between antiparallel ͑AP͒ and parallel ͑P͒ magnetic configurations of free and pinned layers remains the same irrespective of the large top electrode resistance. The STS characteristics of the device, i.e., resistance as a function of the applied current ͑R-I curve͒, where several steps are observed in the resistance change ⌬R, are shown in Fig. 4͑a͒ . The STS current seems different among the three elements as a result of the size distribution caused by the lithography error, and nonidentical domain structures in the free layers of the elements. Relatively large jumps at −8, −20, +10, and +14 mA correspond to complete switching of the two free layers in the three elements, respectively. Two other small jumps, one at −4, and another at +30 mA correspond to partial switching of a remaining element. Full switching of all free layers by external magnetic field yields a resistance change of 0.035 ⍀ ͑not shown͒, while the STS yields only 0.030 ⍀. This incompleteness may be attributed to an inhomogeneous current path. However, most of the free layers, switch at below 30 mA ͑2.78ϫ 10 7 A/cm 2 ͒, which is in good agreement with the tendency observed in the device with a thick Cu top electrode, 9 indicate that the resistive transparent electrode shows the switching capability similar to that of the thick Cu electrode. Resistance and Kerr ellipticity ͑ K ͒ of the device are measured simultaneously after each current injection of I = −3, −25, +3, and +30 mA, which sets the magnetic state of the device in AP, P, P, and AP configurations, respectively. The results are plotted in Fig. 4͑a͒ with solid squares that coincide well with the R-I curve. This indicates that the switching completes in the cycle, although a small base line shift occurs as a result of a change in the contact resistance of interconnections. The average values of a Kerr ellipticity change determined as ͓ K − ͗ K ͔͘ for each injection current are plotted with error bars of standard deviation in Fig. 4͑b͒ . This clearly indicates that the Kerr ellipticity modulation is synchronized with the spin transfer switching. The Kerr ellipticity change ͑ϳ0.63ϫ 10 −4 deg͒ that was detected was reduced to 6% of that of the free layer film ͑1.08ϫ 10 −3 deg͒. This reduction could be explained by the small lateral size of the device ͑the magneto-optically active area͒, which is about 5% of the laser spot area. This quantitative consistency supports the MOKE results.
This device concept with large MOKE materials may open up applications such as an optical analysis on the dynamics of free layer switching and a submicron MO spatial light modulator ͑MOSLM͒ which may have a significant impact for holographic applications. 10, 11 However, the MOKE signal from the Co 2 FeSi free layer of this device is not enough for these applications. There are some large MOKE materials that may meet the requirements of the applications. For example, Co/ Pt multilayer, 12 of which STS has been observed, 13 shows a Kerr rotation that is 70 times larger ͑about 0.4°͒ than that shown in the Co 2 FeSi ͑0.006°͒. Also, the MnBiAl alloy shows a Kerr rotation of 3.2°͑Ref. 14͒ which is not far from a practical requirement of the Kerr rotation ͑8°͒ for the MOSLM, 15 although the STS properties have not yet been examined.
In conclusion we have fabricated current-perpendicularto-plane spin-valve devices with transparent top electrodes, which enable us to optically observe the magnetic state of the free layers. We carried out spin transfer switching by current injection from the transparent electrode despite the relatively large resistance of the device. Clear change in the Kerr ellipticity was observed by changing the direction of magnetization of the free layers using spin transfer switching.
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